Chem. Mater. 1998, 10, 3445—3450 3445

Sonochemical Preparation and Size-Dependent
Properties of Nanostructured CoFe;0O4 Particles

Kurikka V. P. M. Shafi and Aharon Gedanken*

Department of Chemistry, Bar-llan University, Ramat-Gan, 52900 Israel

Ruslan Prozorov

Department of Physics, Bar-llan University, Ramat-Gan, 52900 Israel

Judit Balogh
Research Institute for Solid State Physics, Post Office Box 49, H-1525, Budapest, Hungary

Received March 24, 1998. Revised Manuscript Received July 23, 1998

Nanostructured CoFe,O, particles were prepared by a sonochemical approach, first by
preparation of the amorphous precursor powders, followed by heat treatment at relatively
very low temperatures. The precursor was prepared by sonochemical decomposition of
solutions of volatile organic precursors, Fe(CO)s and Co(NO)(CO)s, in Decalin at 273 K, under
an oxygen pressure of 100—150 kPa. The amorphous nature of these particles was confirmed
by various techniques, such as scanning and transmission electron microscopy (SEM and

TEM), electron microdiffraction, and X-ray diffractograms.

Magnetic measurements,

Mossbauer, and electron paramagnetic resonance (EPR) spectral studies indicated that the
as-prepared amorphous particles were superparamagnetic. The Mdssbauer parameters and
the significantly low (45 emu/g) observed saturation of magnetization of the annealed sample,
compared to that of the bulk sample (72 emu/g), reflected its nanocrystalline nature.

Introduction

Ferrites—the transition metal oxides having a spinel
structure—are technologically important because of their
interesting magnetic and electrical properties. They are
used in magnetic inks! and magnetic fluids? and for the
fabrication of magnetic cores of read/write heads for
high-speed digital tapes or for disc recording.® Nano-
structured materials are now being studied intensively
due to their novel physicochemical properties, which are
quite different from those of the bulk materials.*> A
variety of methods have been used to prepare nanosized
ferrite particles. The conventional high-temperature
ceramic method for the preparation of ferrites can result
in the loss of their fine particle nature. The wet
chemical methods include coprecipitation,6=8 spray dry-
ing,° and hydrothermal®® and microemulsion pro-
cesses.!12 The fine ferrite particles are also produced
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by ball milling, i.e., grinding coarse powders of high-
purity bulk material in the presence of kerosene and
oleic acid (organic surfactant).13

Bulk CoFe,0,4 is a ferrimagnetic material with a
partially inverse spinel structure, with the formula
(CoyFe1—x)[Co1—xFe1+x], Where the parentheses and square
brackets indicate A and B sites, respectively. The site
occupancy ratio, Fe(A)/Fe(B), depends on the prepara-
tion procedures. They vary from 0.61 to 0.87 for the
rapidly quenched and slowly cooled samples.’* The
work on ferrimagnetic materials with sizes less than 10
nm is scanty. Davies et al.1> have reported the hydro-
thermal preparation of CoFe,O4 nanoparticles with sizes
of about 3 nm, while Pileni and co-workers® have
prepared nanoparticles with sizes of about 5 nm by the
inverse micellar process. We discuss here a new ap-
proach, the sonochemical decomposition method for the
preparation of nanostructured (<5 nm) CoFe,O,4 pow-
ders. In the sonochemical process, the mechanism is
the cavitation phenomenon, and the reaction occurs
inside a microbubble equivalent to a microreactor
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(reverse micelles) in the microemulsion technique.
Hence, only a small concentration of the reagents is
needed. In contrast, in the hydrothermal process, an
initial large concentration of reagents is required.

Amorphous materials, obtained by rapid quenching
of the melt, have many important applications. Iron-
based amorphous oxides exhibiting a ferromagnetic
character, with a Curie point higher than room tem-
perature and a relatively high saturation magnetization,
are of great importance because of their unique elec-
tronic and magnetic properties. They can be used in
magnetooptical devices such as optical isolators, optical
switches, etc.1” Amorphous ferrites, in flake form, have
been prepared by rapidly quenching the molten mix-
tures of bulk mother ferrite with one or two kinds of
glass formers, such as P,0s, V,0s5, M0O3, SiO,, Bi,O3,
etc., as additives to prevent crystallization.1819

Acoustic cavitation, i.e., the formation, growth, and
implosive collapse of a bubble in an ultrasonically
irradiated liquid, generates a transient localized hot
spot, with an effective temperature of 5000 K and a
nanosecond lifetime.2°=22 The rapid cavitational cooling
rate (>10° K s71) is much greater than that obtained
by the conventional melt-spinning technique?® for the
preparation of metallic glasses (105—10° K s™1). Since
the thermal conductivities of metal oxides are usually
much lower than are those of the metals, faster cooling
rates are needed to prepare amorphous metal oxides.
This is the reason glass formers, which can prevent
crystallization, are employed during the quenching
process. Nanostructured amorphous powders of metal,?
alloy,?> metal oxide,? and metal nitride?” have been
prepared by the sonochemical method. By use of sur-
factants such as oleic acid, these nanosized clusters can
be trapped as colloids?® or can be deposited on silica
microspheres (Stober’s silica).?®

Experimental Section

Iron pentacarbonyl (Aldrich) was used without further
purification. Cobalt tricarbonyl nitrosyl, Co(CO)3(NO), was
prepared by a known method.*® Pentane (Fluka) and Decalin
(Sigma) were dried with sodium metal or a 4 A molecular sieve.

The CoFe,0,4 was prepared by ultrasonic irradiation of the
solution of Fe(CO)s and Co(NO)(CO); in Decalin at 273 K,
under 100—150 kPa (1—1.5 atm) of oxygen, with a high-
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intensity ultrasonic probe (Sonics & Materials, Model VC-600,
1.25-cm Ti horn, 20 kHz, 100 W/cm?). After 3 h of irradiation,
a black powder was obtained, which was then centrifuged and
washed with dry pentane. Centrifuging and washing were
repeated at least five times, and finally the product was dried
under vacuum.

Powder X-ray diffractograms were recorded on a Rigaku
X-ray diffractometer (Cu Ka radiation, 4 = 0.15418 nm).
Scanning electron micrographs and energy-dispersive X-ray
analysis (EDX) were carried out on a JEOL-JSM-840 electron
microscope. Transmission electron micrographs were obtained
with a JEOL-JEM100SX electron microscope. Magnetization
loops were measured at room temperature using an Oxford
Instruments vibrating sample magnetometer. Surface area
(BET method) was measured on a Micromeritics-Gemini
surface area analyzer. Mdéssbauer spectroscopic studies were
carried out using a conventional constant acceleration spec-
trometer with a 50 mCi 5’Co:Rh source and an APD DMX20
closed-cycle refrigerator system for the low-temperature mea-
surements. Variable-temperature ESR spectra were recorded
on a Bruker ER 041 spectrometer operating at X-band
frequency (v = 9.42 GHz) with a 100 kHz magnetic field
modulation.

Results and Discussion

Ferrite composition was determined by elemental and
EDX analyses. Since the atomic numbers of Co and Fe
are similar, the ratio of the X-ray intensities from these
elements approximates their composition. The intensity
ratio of Fe:Co as detected by the EDX is 2:1. Since these
particles are much smaller than the free path for X-ray
transmission through solids, i.e., 100 nm, the X-ray
intensities need not be corrected for absorption and
fluorescence effects.

The elemental analysis shows that the amorphous
CoFe,04 powder has trace amounts of carbon (<3%)
impurities. The presence of carbon is presumably a
result of the decomposition of alkane solvents or ad-
sorbed CO during ultrasonication, and this probably
plays an important role in stabilizing the amorphous
structure.?526

The amorphous nature of the particles was confirmed
by various techniques, such as scanning and transmis-
sion electron microscopy (SEM and TEM), electron
microdiffraction, and X-ray diffractograms. A scanning
electron micrograph of CoFe,O4 powder shows coral-like
features typical for noncrystalline materials.31 The
TEM images of the as-prepared and heat-treated samples
of CoFe,0,4 are shown in Figures 1—3. Figure 1 gives
no evidence of crystallite formation and shows that the
as-prepared material is composed of agglomerates of
nanoparticles with diameters <5 nm. Because most of
the particles are aggregated, it is difficult to determine
the precise particle size. The TEM microdiffraction
pattern (inset) only shows diffuse rings characteristic
of amorphous materials. However, Figure 2, the TEM
micrograph of the heat-treated sample at 450 °C in air,
clearly shows nearly uniform spherical ferrite particles
with sizes less than 5 nm. The ED pattern (inset)
indicates that these nanoparticles are crystallized. In
Figure 3, the well-crystallized particles that are less
than 10 nm in size can be clearly seen. The ED pattern
shows well-defined rings and spots characteristic of
nanocrystalline materials. The XRD pattern for the
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Figure 1. TEM image with microdiffraction (inset) for
amorphous CoFe,0,.

amorphous as well as the heated samples of CoFe;04
are shown in Figure 4. The X-ray diffractogram of the
amorphous solid (Figure 4a) does not show any sharp
diffraction patterns characteristic of crystalline phases.
After heating at 450 °C for 5 h in air to induce
crystallization, peaks characteristic of CoFe,O4 start to
appear (Figure 4b). The broad nature of the peaks is
an indication of the small particle size. These peaks
become narrow and sharp in the XRD of the sample
heated at 700 °C (Figure 4c), and the pattern clearly
shows that these nanoparticles have a pure spinel
structure, with all major peaks matching the standard
pattern of bulk CoFe,O,4 (JCPDS 22-1086).

Figure 5 shows room-temperature magnetization
curves of the as-prepared amorphous, as well as the
annealed, samples of CoFe,04, heated for 5 h at 450 and
700 °C, respectively. The curve of the amorphous
samples does not reach saturation, even at a magnetic
field of 15 kG, and no hysteresis is found, indicating that
the as-prepared (amorphous) particles are superpara-
magnetic. The magnetization (M) vs field (H) curve is
not found to be a pure Langevin type, owing to the
distribution of particle sizes and the randomly oriented
anisotropy axes. The observed values of magnetization
of the annealed samples, 22 and 45 emu/g (heated at
450 and 700 °C, respectively), at a high enough field of
15 kG, are significantly lower than that of the reported*
multidomain bulk CoFe,O4 materials (72 emu/g), and
this reflects the nanocrystalline nature of our sample.
The BET surface area of the amorphous sample is 176
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Figure 2. TEM image with microdiffraction (inset) for
crystalline CoFe;0O, annealed at 450 °C.

m?2 g1 while those of the annealed samples are 74 and
52 m?2 g1 for sample heated at 450 and 700 °C,
respectively. The decrease in the surface area of the
heated sample is due to the increase in particle size
because of sintering that occurs on heating. Specifically,
the difference in the magnetization value between the
bulk and our nanosized materials can be attributed to
the small particle size effect. It is known that the
magnetic properties of nanoparticles, such as saturation
magnetization and magnetic hyperfine field value, are
much smaller than are those of the corresponding bulk
materials.?42532-34 The energy of a magnetic particle
in an external field is proportional to its size or volume
via the number of magnetic molecules in a single
magnetic domain. When this energy becomes compa-
rable to KT, thermal fluctuations will significantly
reduce the total magnetic moment at a given field.
Cobalt ferrite, CoFe;04, an inverse spinel, has a col-
linear ferrimagnetic spin structure in the bulk form. The
decrease in the saturation magnetization can also be
explained in terms of its noncollinear spin arrangement
at or near the surface of the particle.’* Such a noncol-
linear structure attributed to a surface effect is more
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Figure 3. TEM image with microdiffraction (inset) for
crystalline CoFe,O4 annealed at 700 °C.
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Figure 4. XRD patterns for CoFe;O,: (a) amorphous, (b)
heated at 450 °C, and (c) heated at 700 °C.

pronounced for the smaller particle size of our sample
(<10 nm). On the other hand, the difference in mag-
netization for the two samples annealed at 450 and 700
°C can be attributed to the increase of the particle size
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Figure 5. Room-temperature magnetization curves of CoFe,Oy:
(a) amorphous, (b) heated at 450 °C, and (c) heated at 700 °C.

for the sample annealed at 700 °C. This can be readily
seen by the low value of surface area and the narrow
XRD peaks, compared to those of the sample annealed
at 450 °C. The presence of small quantities of amor-
phous impurities in the sample annealed at 450 °C also
reduces its total magnetization. The disordered spins
in the amorphous system lead to a dispersion in the
exchange constant, which can suppress the magnetic
moment. The large surface-to-volume ratio for small
particles is another factor. The magnetic molecules on
the surface lack complete coordination, and the spins
are likewise disordered. Finally, the small impurities
of metal carbides can also decrease the total magnetiza-
tion.

Mdossbauer spectra of the as-prepared sample and that
of the one heat-treated at 450 °C are shown in Figure
6. The room-temperature Mdssbauer spectrum of the
as-prepared amorphous sample shows a fully paramag-
netic state in accordance with the magnetization results.
The quadrupole splitting (Q) and the isomer shift (IS)
are 0.82 and 0.31 mm/s, respectively. A small fraction
of the sample remains superparamagnetic even at 12
K. The paramagnetic component (Q = 0.69 and IS =
0.10 mm/s) has about an 18% area fraction in the
spectrum. The magnetic component was fitted by two
sextets with hyperfine fields (H) of 42.8 and 479 T.
These values are significantly lower than those observed
in the bulk samples.’* The broad line width of the
magnetic sextets and the reduced hyperfine fields, as
compared to the bulk values, can be attributed both to
the amorphous structure and to the observed super-
paramagnetic behavior.3®3 The sample heat-treated at
450 °C shows mixed behavior at room temperature.
About 18% of the Fe atoms contribute to a magnetically
split spectrum (H = 44.5 T), while 36% of the Fe atoms
are in a paramagnetic state (Q = 0.88 mm/s, IS = 0.35
mm/s). The rest gives rise to a very broad relaxation-
type spectrum. At 77 K, the sample is fully magnetic;
however, it is better fitted by a distribution of hyperfine
fields than by the two sextets!4 characteristic of bulk
CoFe,04. If we compare the calculated average hyper-
fine field (49.4 T) at 77 K and the thermal behavior of
the sample to those measured in cobalt ferrite magnetic
fluids,*® it can be concluded that the particle size
distribution is in the 3—5 nm range when the sample
is heat-treated at 450 °C. This value is in accordance
with the TEM results. The low value of the saturation
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Figure 6. Mdossbauer spectra of amorphous CoFe,04 sample, measured at 293 and 12 K; and the sample heat-treated at 450 °C,
measured at 293 and 77 K. The scale bar indicates the 0.5% relative transmission.
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Figure 7. Variable-temperature EPR spectra of as-prepared
amorphous particles.

magnetization is also in accordance with the Mdssbauer
results and can be explained mostly by the significant
fraction of the sample that is superparamagnetic at
room temperature.

Figure 7 shows the variable-temperature EPR spectra
of the amorphous sample, heated at 150 °C under high
vacuum (2 x 1075 Torr) for 3 h to remove the adsorbed
impurities. The spectra of the heated and unheated
amorphous samples looked similar, indicating that the
adsorbed impurity does not play any role in the EPR
spectrum. The resonance line width, AHp, , is defined
as peak-to-peak distance, and the effective g-factor is
defined experimentally as hv/gH, where v is the micro-
wave frequency, H is the magnetic field at which the
resonance maximum occurs, h is Planck’s constant, and
B is the Bohr magneton.

The spectrum of the amorphous sample at tempera-
tures of 350 and 300 K shows a very narrow signal, with
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Figure 8. Temperature variation of peak-to-peak derivative

line width, AHp,, for the observed EPR spectra of the amor-
phous sample.

line width AHp, = 153 G and a calculated effective
g-value of 2.10. As the temperature decreases, the
signal gets broadened, with no shift in the resonance
magnetic field. Figure 8 shows the variation of the line
width, AHpp, with the temperature. The EPR line
broadens gradually till 250 K, and below that a sharp
increase in line width is observed. Magnetic crystalline
anisotropy, in conjunction with the random orientations
of the particles, causes line broadening in the FMR
spectra of the monodomain ferromagnetic particles.
However, for superparamagnetic (spm) particles, whose
direction of magnetization fluctuates at a rate faster
than the Larmor frequency, this results in a narrow
resonance line, due to an averaging effect of this
fluctuation on the magnetocrystalline anisotropy. With
a decrease in the temperature, the resonance line of the
spm particle broadens as the averaging effect of thermal
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fluctuations is reduced and the direction of magnetiza-
tion is blocked, at first in bigger, and progressively in
smaller, particles. Thus, the narrow resonance line at
room temperature, which progressively broadens on
reduction of the temperature, once again confirms the
superparamagnetic behavior of the as-prepared, amor-
phous CoFe,0, sample, as noticed earlier by magnetic
and Mossbauer studies. The effective g-value of 2.10
is in good agreement with that reported for NiFe,0,4.%°
The spectrum of the Fe®*-coupled pair (Fe**—O—Fe3")
in Fe,O3 is known to give a resonance line with gesr =
2.0. So the effective g-value, 2.10, for the as-prepared
sample can be attributed to the superexchange interac-
tion between the two sites, Fe3" and Co?". A weak
signal is also observed at about g = 4.28, in addition to
the intense spectral line centered around g = 2.10,
which can be ascribed to an isolated Fe®" in the
orthorhombic field.36

The FMR spectrum of the annealed sample shows an
immeasurably broad resonance spectrum. The in-
creased magnetic field produced by the large mag-
netocrystalline anisotropy, coupled with the strong
interparticle interactions is the possible reason for the
increased line width for FMR spectra. For ferrimagnetic
particles, the intrinsic moments are large (3.0ug for
CoFe,0,), so the magnetic dipolar interactions among
these particles are strong.
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Conclusions

Nanostructured CoFe,04 particles of a size less than
10 nm were prepared by the new approach, i.e., first
preparing the amorphous powders, followed by heat
treatment at relatively very low temperatures. The
amorphous powder was prepared by sonochemical de-
composition of the solutions of volatile organic precur-
sors, Fe(CO)s and Co(NO)(CO)3, in Decalin at 273 K,
under an oxygen pressure of 100—150 kPa. The amor-
phous nature of these particles was confirmed by vari-
ous techniques, such as SEM, TEM, electron microdif-
fraction, and X-ray diffractograms. Magnetic measure-
ments, Mossbauer, and EPR spectral studies indicated
that the as-prepared amorphous particles were super-
paramagnetic. The Mdssbauer parameters and the
significantly low (45 emu/g) observed saturation of
magnetization of the annealed sample, compared to that
of the bulk sample (72 emul/g), reflect the ultrafine
nature.
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